This study Development a high-speed data acquisition (DAQ) device by using AD9226 analogto-digital converters, a field programmable gate array, and an ARM Cortex-A8 microprocessor for a selfdesigned synchronous 6-channel high-speed DAQ card that was able to transmit data to a computer through its network interface. Its cost was approximately 10% that of a commercial model, the National Instruments PXI-5105, and thus overcame the prohibitively high cost of commercial DAQ cards. A high-frequency current transformer (HFCT) was used to measure three types of typical partial discharge (PD) in self-made models to compare the performance of the self-designed DAQ card and that of the National Instruments PXI-5105. The HFCT signals were converted into three-dimensional PD patterns, and mean discharge was chosen as the feature to be extracted for the application of extension theory in the recognition of discharge models. The results revealed that the self-designed DAQ card was comparable to the commercial model in the recognition of high-frequency PD signals. Given the high price of commercial high-speed DAQ devices, the self-designed DAQ card was deemed to have considerable advantages in cost and expandability.
I. INTRODUCTION
High voltage power equipment plays a crucial role in the operations of electric power systems, being responsible for the supply, transmission, and distribution of electric power [1] - [4] . Given the growing complexity of power systems and the increasing demand for power supply, any defects in the insulation of high-voltage power equipment can result in a severe power outage and equipment damage, causing economic loss and inconvenience. To prevent such events from causing economic loss or even equipment casualties, the prediction and prevention of insulation defects and the measurement of such defects' severity have become a major topic of research. Partial discharge (PD) is a minute signal that occurs at the insulation defects of power equipment and is often accompanied by such physical phenomena as light, sound, and heat. PD detection is an effective technique for evaluating the condition of power equipment insulation components. It enables the advance replacement of defective insulation components, thereby ensuring steady power supply [5] - [8] .
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PD signals have relatively high frequencies. They can be detected using common portable HFCT sensors, usually in the range of a few MHz [9] - [11] . Because PD signal detection requires high-performance DAQ card hardware, commercial PD recognition devices are expensive. In this study, the PD signal detection performance of a self-designed highspeed DAQ card was compared with that of a commercial model, the National Instruments (NI) PXI-5105. The results verified the feasibility of applying the self-designed device in PD signal detection, which is attained at a much lower cost than the commercial model.
Neural networks have a wide range of applications in detection systems. The greatest strength of a neural network is that it is able to compare variable outputs and actual output values in training data and adjust the weight of each neural link according to differences between the two sets of values [12] - [15] . This learning process can be repeated until the difference between variable outputs and actual outputs falls in a tolerable range. However, this process is time consuming and involves complicated computation that is ill-suited for digital signal processing. This study applied extension theory in the development of various matter-element models for PD. The mean discharge features of the self-designed DAQ card and the commercial model were acquired from the 3D patterns of PD and then entered into the extension system for the detection of PD-related defects to compare the two DAQ cards performance.
II. PD MEASUREMENT SYSTEM
A. SELF-DESIGNED DAQ CARD Figure 1 displays the block diagram for the self-designed DAQ card's hardware architecture. It has 6-channel synchronous input and 12-bit resolution, is operable with input voltages ranging from −5 V to +5 V, and can attain a maximum DAQ speed of 65 MS/s. Each channel can acquire up to eight million data points. The self-designed DAQ card has the following major components.
1) OPERATIONAL AMPLIFIER (OPA-TL072)
This regulates input voltage to the voltage range of the analog-to-digital converter (ADC). Subminiature version SMA connectors were used for the input terminals.
2) ADC (AD9226)
The ADCs used were analog devices AD9226 units, which have a high sampling rate of 65 Msps, 12-bit resolution, and output buffers. They rely on OPAs to regulate an input voltage within the range of −5V to +5V. In these devices, 6 analogdigital (AD) modules are used along with an additional AD module for signal triggering.
3) QSPI FLASH (W25Q128)
This is used for loading the field programmable gate array (FPGA) when the system was booted.
4) FPGA (XC6SLX16-2CSG324)
The FPGA was chosen because a multichannel high-speed DAQ requires parallel processing of large quantities of data. A Xilinx Spartan-6 was used for high-frequency signal acquisition control, and it was supported by Double Data Rate 3 (DDR3) memory for the temporary storage of acquired data. FPGA enables the synchronous processing of multiple ADCs, which temporarily store data in DDR3 memory, achieving a sampling rate of 65 Msps. 
5) DDR3 1GB (MT41J128M16LA)
This features one gigabyte of memory for temporary storage of data acquired by the FPGA.
6) ARM CORTEX-A8 (AM3358ZCZ)
An embedded system was developed based around the Texas Instruments AM3358 Sitara Processor, which is a Sitara TM ARM R Cortex R -A8 32-Bit RISC processor with speed up to 1 GHz. It contains a general-purpose memory controller for communicating with the FPGA and serving as the interface for network transmission. Embedded system network interface that has RJ45 jacks for CAT-5e cables. Figure 2 presents the self-designed DAQ card. A comparison of the self-designed and commercially available cards can be found in Table 1 . In view of the actual operation of PD recognition, the 6-channel input of the self-designed DAQ card was sufficient. The NI PXI-5015 had numerous input channels and optional input ranges at 1 V, 10 V, 20 V, and 30 V. Given that the amplified signals of PD sensors, such as HFCT sensors, acoustic emission sensors, and the L-and C-sensors of the LDP-5, did not have a maximum output range exceeding 4 V, the maximum input voltage of the self-designed DAQ card was suitably determined to be 5 V. Other than low cost, the greatest advantage of this DAQ card was that its hardware could be customized to expand its capacity. To compare its DAQ performance with the commercially available NI PXI-5105, an LDJ-5 (LDIC) charge injector was employed to produce 500 pC PD pulse signals. Both cards had a setting of 60 MS/s, and both were equipped with the same model of HFCT sensor for the measurement of pulse signals. The results are presented in Figure 3 , which shows that both DAQ cards detected a positive value of approximately 0.5 V. However, the self-designed DAQ card detected a negative value of approximately −0.78 V, whereas the PXI-5105 detected a negative value of approximately −0.80 V. Both cards recorded approximately 10 fluctuations, and both found a waveform to last for approximately 50 µs. This test confirmed that the performance of the selfdesigned DAQ card was comparable to that of the commercially available model.
B. EXPERIMENT MODEL
This study established models for typical electric discharges, particularly corona, internal, and surface discharges. These models are shown in Figure 4 . Corona discharge model is a 1-mm-in-diameter copper stick cone needle that is 10-mm away from the plane electrode. Internal discharge model is a 9-mm-thick epoxy with a 3 mm-in-diameter cylindrical cavity is inserted. Surface discharge model is 3-mm-thick epoxy into which two electrodes are inserted. After highvoltage power was supplied, these models generated steady PD signals that were used to compare the DAQ performance of the two DAQ cards.
C. MEASUREMENT ENVIRONMENT Figure 5 presents a block diagram of the PD experiment conducted in the laboratory. Construction of the PD experiment in the laboratory included a high-voltage control panel, an isolation transformer (60 Hz), a step-up transformer, and test objects. Two HFCT sensors were used to measure the electrical signal caused by the PD phenomenon in test objects.
Electrical signals acquired by the DAQ card were all synchronized in each experimental model. The sampling rate of the PXI-5105 and self-made DAQ card was set to 20 MS/s, and then, data were saved in the computer.
In the corona discharge model, discharge occurred when the PD inception voltage (PDIV) was 3 kV, and discharge stabilized when voltage rose to 3.5 kV. Figure 6 depicts PD signal in three power cycle acquired from the corona discharge model, and it is evident that corona signals primarily existed in negative period. The signal amplitudes that both DAQ cards detected were close, with the maximum value at approximately 0.05 V. Considering the presence of background noise, 10 mV was set as the threshold value for corona signals. The PDIV for internal discharge was 11 kV, and the discharge became continuous when voltage rose to 12 kV. Figure 7 shows internal discharge electrical signal in three power cycle. The signals were distributed in both the positive and negative period (I and III quadrants), with the maximum amplitude at approximately −0.5 V. The PDIV for surface discharge was 3 kV, and signals for continuous discharge started to appear when surface discharge was at 4 kV ( Figure 8 ). Surface discharge occurred in both positive and negative period and was widely distributed, with the maximum amplitude at −0.07 V. A comparison of Figures 6-8 indicates that the performance of the selfdesigned DAQ card was comparable with that of the commercially available NI PXI-5105.
III. EXPERIMENT RESULTS AND DISCUSSION

A. 3D PD PATTERN
This study employed DAQ cards to capture 20 power cycle PD signals and then converted them to representative 3D (n-q-ϕ) patterns [16] , [17] . The main parameters of the 3D PD patterns were number of discharge n, discharge magnitude q, and phase angle ϕ. Figure 9 illustrates the 3D PD pattern of corona discharge, which was concentrated in the negative phase, and the discharge magnitude values were 15-20 pC. Figure 10 represents internal discharge, which was concentrated in the I and III quadrants, with maximum discharge at 300 pC. Figure 11 shows surface discharge, which was the most widely distributed; it occurred in both positive and negative phases, with the amount of discharge falling between 10 pC and 40 pC. A comparison of these diagrams indicates that the 3D patterns of the self-designed DAQ card were similar to those of the NI PXI-5105, and the patterns varied by discharge type.
B. FEATURE EXTRACTION
To enhance the effectiveness of PD recognition, critical features must be extracted from n-q-ϕ 3D patterns. In this article, 10 phase window features were extracted from the PD pattern. The mean discharge features were extracted from phase 0 • -360 • . Figure 12 depicts the detailed data manipulation process. If the n-q-ϕ pattern is an n×m matrix, the mean (1)
C. EXTENSION METHOD
Extension theory was proposed to solve incompatibility and contradictions problems. This theory consists of the matter-element and the extension set [18] , [19] . The matterelement can represent the nature of matter, and the extension set is the quantitative tool for representing the degree of correlation. In extension theory, a matter-element uses the following equation to describe things:
where T represents the matter, c represents the characteristics, and v represents the value of the characteristics. The membership function of the fuzzy set describes the value at interval [0, 1]. The extension set extends the interval to [−∞, ∞]. It enables definition of a set that includes any data in the domain. The correlation function can be used to calculate the membership grade between classical domain X 0 and input value x. It is shown in Figure 13 . If X 0 = [a, b] and X = [f , g] are two intervals, and X 0 ∈ X . The X and X 0 are the classical and neighborhood domains. The correlation function in the extension theory is defined as
where 
The proposed extension-based recognition method is described as follows.
1) Formulate the matter-element for each models. Using low-bounds and up-bounds of field-test records to determined classical domain <a, b>. The neighborhood domain <f, g> means the possible range values.
In this study set f = 0.9 × a and g = 1.1 × b. 2) Calculate the degree of correlation for each models by using equation (3). 3) Set the weights (W ) of each features. In this research set the 10 parameter weights as equally important, with each weight set at 0.1. 4) Calculate the index of correlation for each model [20] .
5) Normalize the index of correlation between [−1, 1] by
6) Find the maximum index of correlation. The recognition result rule is
D. PD RECOGNITION RESULT
A total of 120 sets of the classical discharge model PD patterns were measured in the laboratory. We measured 40 sets of PD pattern in each experimental model. For PD pattern recognition, we chose a random 20 sets of patterns defined extension classical domains, and remaining 20 sets pattern as testing data in each models. Table 2 presents the PD recognition rate of the experimental model. Both the self-designed DAQ card and the NI PXI-5105 achieved 100% recognition rates by applying the feature extraction and recognition method proposed in this study. This proved the self-designed DAQ card's ability to acquire high-frequency signals.
IV. CONCLUSION
This study developed a 6-channel high-speed DAQ card at a hardware cost of approximately 10% of the commercially available NI PXI-5105. A standard PD charge injector was used to produce a standard high-frequency pulse signal. Both DAQ cards were employed to capture the signal at a rate of 60 MHz, and the self-designed card could able to capture a waveform that was nearly identical to the waveform captured by the NI PXI-5105. The study further constructed typical models for corona discharge, internal discharge, and surface discharge to test the capability of the self-designed DAQ card. The result revealed that the self-designed DAQ card and the NI PXI-5105 were comparable in the signal amplitude and phase they detected, and they also yielded comparable discharge distribution when their data were converted into 3D PD patterns. The study proposed a simple feature extraction method by applying the extension theory for a PD recognition system. All three models attained a recognition rate of 100%.
The experimental results indicate that the self-designed DAQ card can perform high-frequency DAQ of HFCT sensors and its capacity can be expanded for future needs. The method proposed in this study can also be applied in the PD recognition of other types of high-voltage power equipment. 
